Water samples were analysed to differentiate human and animal faecal contamination of the New River, Mexico/USA, by genotyping bacterial viruses detected in the samples. From 46 water samples collected from the New River, 372 plaques of male-specific coliphages were isolated and genotyped; 44% of the plaques were identified as F-RNA coliphages and further characterized into four groups. Group I was the most prevalent (56%), followed by group IV (25%), group III (10%) and group II (9%). Group III coliphages were only detected at the sampling site in the vicinity of the international boundary, indicating human faecal contamination. As the New River traverses through the US region, groups I and IV coliphages were predominantly identified, but no human-specific genotypes were detected. The study also found that water temperature influenced the prevalence of the relative proportions of F-RNA coliphages in the environmental water samples. The strategy used in this study appears to be a practical and reliable tool for monitoring and distinguishing between human and animal faecal contamination.
INTRODUCTION
Faecal pollution is a serious environmental problem that affects surface waters worldwide. Faecal contamination in surface waters can result from numerous sources, including municipal sewage, livestock operations, wildlife and urban runoff. Faecal pollution from humans and animals imposes risks to human health from exposure to pathogenic bacteria, viruses and protozoa (Rotbart 1995; Baker et al. 1999; Schaper et al. 2002; Seurinck et al. 2005) .
Waters contaminated with human faeces are generally considered a high risk to human health, as they are more likely to contain human enteric pathogens. Identifying sources of pollutants is a critical factor for controlling faecal contamination of source waters. Routine monitoring of pathogens in water is costly, and entails an enormous task for water providers. Therefore, there is a need to find reliable, rapid and economical indicators for identifying faecal contamination that also allow characterization of pollutants in surface waters.
Faecal coliforms have traditionally been used as indicators of faecal contamination of water, but no direct correlation between faecal indicator bacteria and human enteric viruses has been shown (Le-Guyader et al. 1993; Abbaszadegan et al. 2003) . Coliphages are viruses that infect coliform bacteria. They are integral flora of both raw and treated domestic sewage. A variety of domestic and feral animals shed coliphages in their faeces Havelaar et al. 1986; Goyal et al. 1987; Calci et al. 1998) . Coliphages can be categorized as somatic and malespecific (F þ ) coliphages. Male-specific coliphages can be coliphages appear to be the most appropriate surrogates for enteric viruses because in terms of composition, structure and size, the F-RNA male-specific coliphages closely resemble human enteric viruses (Havelaar et al. 1986; Goyal et al. 1987; Dore et al. 2000; Grabow 2001; Cole et al. 2003) . F-RNA coliphages can be divided into four serogroups that are selectively excreted by humans or animals. Several studies have revealed that serotypes II and III are mainly isolated from human faeces, while serotypes I and IV are mainly from animal faeces (Furuse et al. 1978 Havelaar et al. 1990; Schaper & Jofre 2000; Schaper et al. 2002) . Pigs are the exception as their faeces are reported to contain all groups except III. Studies have shown that members of each of the serogroups display genetically distinguishable genotypes. Therefore, the use of nucleic acid probes highly specific for each genotype can be used for source tracking pollution in environmental samples (Hsu et al. 1995; Beekwilder et al. 1996) . Genotyping by nucleic acid recognition is an alternative to serotyping and is a new approach for identifying sources of faecal pollution.
The New River is the most polluted river in the United The objective of this study is to identify the type and sources of faecal contamination in the New River using F-RNA coliphage genotyping. This research will help to define water quality biomarkers, which can be used for distinguishing between human and animal faecal contamination in the study area.
MATERIALS AND METHODS

Site selection
Four sampling sites were selected along the New River No USGS gauge stations were available at sites 2 and 3 for measuring the flow of water.
Sample collection
Samples were collected at the four designated sites on a monthly basis for 12 months starting from January 2005. 
Detection of coliphages and faecal coliforms
Water samples (10 ml) were assayed for coliphages using the double agar layer (DAL) technique (Adams 1959) . Recovery efficiency and survivability of F-RNA coliphages in water
To determine the recovery efficiency of the detection method, MS2, GA, Qb and SP F-RNA coliphages were spiked in the New River water samples at a concentration of ,10 3 pfu ml 21 . The water samples were autoclaved prior to spiking to eliminate background microbial activity. Spiked coliphages were enumerated before and after each procedure using the DAL method as described above. Procedural recovery efficiency evaluations were performed, and mean percentage recoveries and relative standard deviations (RSD) were calculated (Montgomery & Hines 1990 ).
The RSD was defined as the standard deviation £ 100 divided by the mean.
To study the survival of the four groups of F-RNA coliphages in environmental waters, the spiked coliphage samples were stored at ambient temperature. The concentrations of coliphages were determined at 0, 24, 48 and 72 h.
Survival of the coliphages in the New River over time was modelled using Equation 1:
Here, C 0 and C are the initial concentration and the concentration of F-RNA coliphages at any time t, respectively, and k is the decay constant. For quality assurance two replicates were performed for the recovery efficiency and survival experiments with duplicate assays.
Hybridization conditions and detection
The environmental isolates of male-specific coliphage samples were denatured by heating at 988C for 10 min, and then 100-ml of each sample were filtered through a positively charged nylon membrane (Zeta Probe Blotting
Membrane Bio-Rad, California) using Dot-Blot apparatus (Bio-Rad, California). The membrane was removed and air dried at ambient temperature. The exposed nucleic acid strands were fixed to nylon membrane by UV crosslinking Chemiluminescent substrate bound with the antibody conjugate and emitted a light signal that was detected The autoradiograph thus obtained is a permanent record of a successful hybridization reaction.
Labelling of oligonucleotide probes
The oligonucleotide probe sequences for F-RNA coliphage groups are shown in Table 2 (Hsu et al. 1995; Beekwilder et al. 1996) . The probes were synthesized by GeneTech 
RESULTS AND DISCUSSION
Occurrences of coliphages and coliform bacteria in environmental samples
Every water sample collected from the four sampling sites was positive for somatic and/or male-specific coliphages.
At all sites, the average concentration of somatic coliphages in the samples was one to two orders of magnitude higher than for male-specific coliphages (Figure 2 ). The average concentrations of male-specific coliphages were similar in sites 1 and 2 (P . 0.1), and were much higher compared with their concentrations at sites 3 and 4. The average concentrations of somatic coliphages were the highest at site 1 (P , 0.05), and a steady decrease in average concentration from site 1 to site 3 followed by a slight increase at site 4 was observed ( Figure 2 ). This increase in concentration of both male-specific and somatic coliphages can be attributed to the impact of the wildlife refuge (birds) near the wetland area at site 4. The level of faecal coliform bacteria was one to two orders of magnitude higher than coliphage concentration throughout the year. The highest numbers of faecal coliform bacteria were detected in the water samples from site 1 followed by sites 2, 3, and 4 (P , 0.05). Because of very high background levels of coliform bacteria at sites 1 and 2, the The average recovery efficiency of the DAL method for MS2, GA, Qb and SP was 81%, 80%, 55% and 64%, respectively (Table 3) .
In this study, the average holding time between sample collection and sample analyses was 48 h. To investigate the impact of the sample holding time on the detectability of male-specific coliphages, the survival of F-RNA coliphages in the New River water was studied. Water samples were coliphages' concentrations, significant numbers of F-RNA coliphages could still be detected in the New River water by the DAL method.
F-RNA coliphage inactivation (decay rate) followed the first order kinetic model. The equations are summarized in Table 3 . The equations are expressed as decay rate constants (k), with higher decay rates indicating a more rapid decline in the number of organisms enumerated. The decay rate of SP coliphages in the New River water was the lowest among the entire group representing F-RNA coliphages followed by Qb, GA and MS2. The decay rates for Qb, GA and MS2 in surface water were consistent with previously reported works (Brion et al. 2002) . Gr I Gr II Gr III Gr IV Control of the plaques were identified as F-RNA coliphages, which were further genotyped and characterized into four groups (Table 4) . Group I was the most prevalent among all the F-RNA coliphages (56%), followed by group IV (25%), group III (10%) and group II (9%), suggesting that animal faeces are the biggest source of pollution in the study area (P , 0.001).
At site 1, groups II and III were detected in 7 and 9 of the is 12 h. The survival study suggests that 65% of group II and III F-RNA coliphages survived longer than the 12 h travel time (Table 3) , so we can assume that these coliphages could have been transported from site 1. However, further study is needed to characterize and identify the faecal origin of groups II and III coliphages at site 2. At sites 3 and 4, no F-RNA coliphages in groups II or III were detected. Agricultural runoff and the wildlife refuge near the wetlands and the Salton Sea are the possible sources of animal faecal contamination.
The genotyping of F-RNA coliphages used in this study allowed characterization of faecal pollution and appears to be a practical and reliable tool for monitoring and distinguishing between human and animal faecal contamination in the New River.
CONCLUSIONS
This study was performed to identify the type and sources of faecal contamination in the New River using F-RNA coliphage genotyping. The proportion of predominant F-RNA coliphages present in the New River water samples provided information regarding the most important sources of faecal pollution affecting water quality. The study showed that animal faeces were the biggest source of pollution at all sites. Site 1 at the international boundary was impacted by human faecal pollution coming from Mexico, but no human faecal pollution was identified downstream of the international boundary in the New River. Further study is required to identify and characterize the actual sources of group II and III F-RNA coliphages at site 2 that point to human faecal pollution. Thus, the results of the present study establish that F-RNA coliphages are a valid biomarker for the assessment of microbial quality of New River water. 
